Although isolated neurons can generate rhythmic activity, they have not yet been shown to generate rhythms with a period in the circadian range (near 24 hours). The eye of the mollusk Bulla gouldiana expresses a circadian rhythm in optic nerve impulses that is generated by electrically coupled cells known as basal retinal neurons (BRNs). Daily fluctuations in the membrane potential of the BRNs appear to be driven by a rhythm in membrane conductance. Isolated BRNs exhibited spontaneous conductance changes similar to those observed in the intact retina. Membrane conductance was high in the late subjective night and decreased approximately twofold near projected dawn during at least two circadian cycles in culture. The persistence of daily conductance changes in isolated BRNs indicates that individual neurons can function as circadian pacemakers.
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Circadian pacemakers have been localized within the nervous system of a number of multicellular organisms (I), yet it is still not certain whether individual neurons have the capacity to generate circadian rhythms or whether the rhythmicity requires the interaction of cells within tissues. Perha~s the strongest evidence to date for cellular autonomy of circadian rhythmicity among the Metazoa comes from dispersed avian pinealocytes, which express a rhythm in melatonin release for several cycles in culture (2) . We now report that isolated cultured neurons from the molluskan retina exhibit circadian rhythms.
The eves of several mollusks contain circadian pacemakers that generate rhythms in the frequency of compound action potentials (CAPS) recorded in vitro from the optic nerve (3) . In the eye of Bulla gouldiana, CAPS are generated by the synchronous firing of about 100 electrically coupled BRNs. Earlier workers localized the circadian pacemaker to the base of the retina and oredicted that each BRN should function as an individual circadian pacemaker if it is physically isolated from the remaining cells (4, 5) . The present study tests this hypothesis by monitoring membrane conductance at several phases of the circadian cycle.
Changes in BRN membrane conductance are most pronounced at projected dawn and dusk. The membrane conductance of the BRNs decreases by about half (6) as the CAP frequency increases at projected dawn from a hyperpolarized, quiescent state (5 TEA-sensitive channels were now largely closed.
To determine whether dispersed BRNs continue to exhibit circadian changes in membrane conductance, we measured conductance during the first two circadian cycles after cell dispersal ( 4 . Membrane conductance of completely isolated BRNs during two circadian cycles in culture. All culture procedures on isolated cells were performed during the subjective day. At ZT 1, the BRNs were dispersed into microwells (Terasaki dish, Nunc). After 1 hour, the dish was rinsed with medium to remove unattached cells. After 6 to 8 hours, cells were removed with a glass suction pipette and a microminipulator, leaving only one BRN per well. Constant culture conditions and conductance measurements were as in Fig. 3 , except that only pulses from -0.3 to 0.1 nA were given. (A) Change in membrane potential in response to current pulses before (group 1, ZT 19 to 21; n = 11) and after (group 2, ZT 3 to 5; n = 15) the first projected dawn in culture (15) Error bars are SEM. The decrease in membrane conductance from 6.76 -e 1.00 nS to 4.30 -c 0.30 nS was significant (P < 0.005) (14) . (6) Current-voltage curves of isolated BRNs after 2 days in culture measured at the same Zeitgeber times as in (A). There was a significant decrease in membrane conductance at the second projected dawn (P < 0.005) from 4.39 -e 0.58 nS (group 3, n = 12) to 2.84 + 0.16 nS (group 4, n = 7). Additional BRNs were dispersed 6 hours later (ZT 7) and conductance measurements were made at the usual time after the second projected dawn (group 4', ZT 3 to 5; n = 10). The membrane conductance for group 4' is significantly lower (P < 0.05; mean, 3.24 2 0.25) than for group 3, the before-dawn group, but not different from that for group 4, the after-dawn group that was in culture for an additional 6 hours (P > 0.15). (C) Circadian rhythm in CAP frequency of an intact Bulla eye as described in Fig. 3E . The numbers indicate the recording times for the isolated cells.
As with BRNs in the retina, dispersed BRNs showed a statistically significant decrease in membrane conductance at projected dawn (Fig. 3, A and B) and a significant conductance increase at projected dusk (Fig. 3C) . A conductance decrease was also observed at projected dawn o n the second circadian cycle (Fig. 3D) , demonstrating that the circadian rhythm in dispersed cells persists under constant conditions in cell culture.
Although dispersed BRNs were not in contact with one another and were plated at very low density (about 10 to 20 cells per dish), one could not entirely exclude the possibility of secretory interaction among the neurons. I t i s unlikely that secretion i s required for rhythm generation in the intact retina, as the C A P rhythm persists at low (lop7 M) extracellular Ca2+ concentration (8) . T o confirm' that the conductance changes we observed in dispersed cells were due only to their intrinsic rhythmicity, we measured the membrane conductance of BRNs cultured in complete physical isolation. The cells were cultured in microwell dishes containing one cell per well (Fig. 4) . Our recordings from completely isolated neurons confirm the results obtained in low-density dispersed cell culture. Completely isolated neurons continue to exhibit significant decreases in conductance near projected dawn during two cycles of isolation (Fig. 4, A dence to date that individual neurons have the capacity to generate circadian rhythms. Cultured hypothalamic neurons of mammals show a circadian rhythm in the release of vasopressin (9) , but the rhythm was measured after sufficient time for functional connections to be restored. Thus it is not yet certain whether individual hypothalamic neurons have the capacity to generate circadian rhythms. Although we have demonstrated that individual neurons can generate a circadian rhythm, it is not clear whether isolated neurons have all of the characteristics associated with the "biological clock" in the intact retina (for example, entrainment by Zeitgebers, temperature compensation). Indeed, we failed to observe light responses from BRNs in culture, even though BRNs in the intact retina depolarize upon illumination and can be phase-shifted (10) . In addition, we only rarely observed impulse production in dispersed cells. Regardless of whether some properties of circadian systems require organized tissue, our experiments confirm that the mechanism; for generation and expression of circadian rhythmicity can be present within individual neurons. This demonstration should greatly aid experimental efforts to understand the cellular basis of circadian rhvthm generation by facilitating the use of biophysical and biochemical techniques with identified circadian pacemaker cells.
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